gas used widely in production and synthesis of rubber, plastics, and resins, is metabolized to three different epoxide metabolites: butadiene monoxide (BMO), butadiene bisoxide (BBO) and epoxybutanediol (ED). We have examined the role of stereochemistry in the chemical and enzyme-mediated conjugation of R-and S-BMO; RR-, SS-, and meso-BBO; and SR-, RS-, RR-, and SS-ED with glutathione (GSH) using liver cytosol and freshly isolated hepatocytes from male Sprague-Dawley rats. Chemical and enzyme-mediated reactivity of BD-epoxides (5 mM) with GSH (0.1 mM) was assessed by measuring remaining GSH in solution using dithiobisnitrobenzoic acid (DTNB). Chemical reactivity of BD epoxides with GSH was modest while addition of cytosol resulted in increased removal of GSH following exposure to each BD-epoxide. BBO stereoisomers resulted in the greatest cytosol-mediated removal of GSH (40-70%). BMO enantiomers removed 40-60% and ED stereoisomers removed 10-35% of GSH. Cytosol-mediated reactions with GSH were predictive of results observed in isolated hepatocytes where stereoselective depletion of GSH was observed following treatment with each class of epoxide metabolites. R-BMO depleted cellular GSH more rapidly and to a greater extent than S-BMO, SS-and meso-BBO were more potent than RR-BBO and SS-and SR-ED were more potent than RS-and RR-ED. These data demonstrate that enzymemediated reactions represent the primary mechanism of conjugation of BD-epoxides with GSH and that these reactions display marked stereoselectivity. o iws Socktr of
et ai, 1990; Melnick et ai, 1993) and has been classified by IARC as a Group 2A (probably carcinogenic to humans) carcinogen (IARC, 1992) . Occupational exposure is the primary route of human contact with BD and some epidemiology studies suggest that this increased exposure to BD leads to an increased risk of hematopoetic cancers (IARC, 1992) . However, other groups have questioned the interpretation of these studies (Cole et ai, 1993; Acquavella, 1989) . A recent epidemiological study by Delzell et al. (1996) has provided evidence of a relationship between exposure to BD and leukemia but not other hematopoetic cancers.
BD is biotransformed to epoxide metabolites, butadiene monoxide (BMO) and butadiene bisoxide (BBO), primarily via cytochrome P4502E1-mediated oxidation (Csanady et al., 1992) . Species differences in metabolic pathways have been reported with mice forming more total BD-epoxides than rats and humans (Csanady et al., 1992) . Rats are capable of hydrolyzing more epoxides than mice but humans have been shown to have the greatest hydrolytic capacity of the three species . In addition, mice produce the greatest amounts of GSH conjugates followed by rats and humans . Generation of epoxide metabolites has also been shown to occur in bone marrow via a myeloperoxidasemediated process (Maniglier-Poulet et ai, 1995) . Epoxide metabolites of BD have been shown to be mutagenic in mammalian cells (De Meester et ai, 1978; Wade et ai, 1979; Gervasi et ai, 1985; and Zhu et ai, 1993) . A third epoxide metabolite which can be formed from BD is epoxybutanediol (ED) formed either by oxidation of butenediol or by hydrolysis of BBO. All four stereoisomers of ED have been detected in vivo as hemoglobin adducts in rubber industry employees (Peiez et ai, 1997) . Following the initial oxidation of BD to BMO a chiral carbon with two potential configurations is formed at carbon 3, which allows stereospecificity in BD metabolism.
Nine different stereochemical configurations of BD epoxides are possible following biotransformation of BD. have shown a stereoselective production of meso-BBO from BMO by human cytochrome P4502E1 and a preferential hydrolysis of meso-BBO by rat and human liver microsomes. Our laboratory has shown the potential toxicological consequences of stereospecific metabolism of BD since the R-and S-BMO enantiomers and the RR-, SS-, and meso-BBO stereoisomers demonstrate markedly different cytotoxicity in rat hepatocytes with R-BMO being the most toxic BMO isomer and meso-BBO being the most toxic BBO enantiomer . In this paper we have examined the role of stereochemistry in the chemical and enzyme-mediated conjugation of R-and S-BMO; RR-, SS-, and meso-BBO; and SR-, RS-, RR-, and SS-ED with GSH using liver cytosol and freshly isolated hepatocytes from male Sprague-Dawley rats. Materials. Glutathione (reduced and oxidized), 5,5-dithio-bis-2-nitrobenzoic acid (DTNB), n-ethyl maleimide, iodoacetic acid, pentobarbital, trishydroxymethyl-amionmethane (trizma base), hydroxyethylpiperazine-ethanesulfonic acid (Hepes), and ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma Chemical Co. (St. Louis, MO). Collagenase was obtained from Worthington Biochemical Corporation (Freehold, NJ) and various stereochemically pure configurations of BMO, BBO, and ED were synthesized as previously described . The epoxide metabolites of BD are potential human carcinogens and should be handled carefully in a 100% vented biosafety hood at all times. All other chemicals employed were reagent grade.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (200-250 g) were purchased from Sasco (Lincoln, NE). The animals were housed in a temperature-and humidity-controlled AAALAC-approved animal facility with a 12-h light/dark cycle and were fed certified rat chow ad libitum. Animals were allowed to acclimate for no less than 1 week prior to use. Rats were anesthetized by ip sodium pentobarbital (50 mg/kg) prior to any surgical procedures.
Hepatocyte isolation. Hepatocytes were isolated by a method utilizing collagenase perfusion originally described by Moldeus et al. (1978) with modifications described previously .
Rat liver cytosol preparation. Rat liver cytosol was prepared by standard methods as previously described (Little and Petersen, 1983) . Protein determination was by the method of Lowry et al. (1951) .
Cytotoxicity in freshly isolated rat hepatocytes. The toxicity of ED stereoisomers was determined by trypan blue dye exclusion as described previously for BMO and BBO .
Spectrophotometric glutathione assay. The chemical-and enzyme-mediated reactivity of BMO, BBO, and ED with GSH was determined spectrophotometrically using DTNB in an assay originally described by DiMonte et al. (1984) . Briefly, chemical reactivity samples were incubated with GSH (1 mM) and BD-epoxide (5 mM) in Tris (0.1 M, pH 7.4)/EDTA (1 mM). Total reaction volume was 1 ml and the samples were incuhated at 37"C in a shaking water bath. To stop further conjugation of GSH, 2 ml of Tris (0.2 mM, pH 8.6)/ EDTA (1 mM) and DTNB (0.2 mM) was added at each time point and incubated for 15 min in the dark at room temperature. Rat liver cytosolmediated reactions were set up identically to the chemical reactions with the addition of rat liver cytosol (0.25 mg protein/ml) and BD-epoxide (1 mM). Standard curves for both chemical-and enzyme-mediated reactions were prepared daily by the same method and routinely had r 2 > 0.99. Absorbance at 412 nm was measured and compared to a GSH standard curve.
HPLC glutathione assay. GSH and oxidized GSH (GSSG) level was measured in 1 ml of cell solution (1 million cells/ml) as originally described by Reed et al (1980) . GSH/GSSG standards (0 to 100 /iM) were prepared by the same method. Each sample was analyzed by HPLC using a Phenomenex Maxsil amine column with a 10-jtm particle size. Statistical analysis. Statistical analysis was performed using Statview 512+ (Brainpower, Inc., Calabasas, CA). Significant differences were determined by ANOVA followed by a Dunnett's t test for comparison of multiple treatments to a single control. The level of significance was set at p < 0.05.
RESULTS
Nine potential BD-epoxide metabolites are shown in Fig. I with all possible stereochemical configurations illustrated. There are two different enantiomers of BMO (R and S), three stereoisomers of BBO (RR, SS, and meso), and four stereoisomers of ED (SR, RS, RR, and SS). Each epoxide exhibited only modest chemical reactivity with GSH under these conditions (Fig. 2) . At 15 min R-and S-BMO both removed approximately 12% of GSH but by 30 min, S-BMO removed significantly more (35%) GSH than R-BMO (9%) (Fig. 2A) . A significant difference between the three BBO stereoisomers was observed at 30 min ( Fig. 2B ) with SS-BBO the most reactive but still only removing 20% of GSH. ED stereoisomers consistently removed 10-12% of GSH and no significant differences in chemical reactivity were observed over 30 min (Fig. 3C) .
Addition of rat liver cytosol resulted in increased removal of GSH following exposure to almost every BD-epoxide (Fig. 3) . R-and S-BMO and RR-and SS-BBO resulted in 40-60% GSH removal. Interestingly, meso-BBO was not as reactive with GSH as RR-or SS-BBO under these conditions. The only configurations of ED stereoisomers that exhibited significantly greater GSH removal than control were SR-ED (20%) and SS-ED (35%) illustrated by Fig. 3 . Cytosol-mediated conjugation with GSH was very similar between BBO stereoisomers and either R-or S-BMO while ED stereoisomers exhibited the lowest enzyme-mediated reactivity with GSH.
Stereoselective depletion of GSH was observed following exposure of isolated rat hepatocytes to each class of epoxide metabolites (500 /nM). Although not statistically significant, R-BMO depleted cellular GSH more rapidly and to a greater extent than S-BMO (Fig. 4) . This stereospecific GSH depletion was also observed using BMO enantiomers at concentrations of 200 and 100 piM (data not shown). GSH level in hepatocytes was nondetectable by 120 min after exposure to R-BMO and by 240 min post treatment with S-BMO (Fig. 4) 3 . Chemical (C) and rat liver cytosol-mediated (E) reaction of BD-epoxide metabolites BBO, BBO, and ED with GSH as measured by the DTNB assay. Chemical reactions included epoxide (5 mM) and GSH (0.1 mM) while cytosol-mediated reactions included epoxide (1 mM), GSH (0.1 mM), and rat liver cytosol (0.25 mg protein/ml). All treatments were significantly (p < 0.05) different from controls. *The enzyme-catalyzed reaction value is significantly (p < 0.05) from the chemical reaction value. Error bars represent the mean ± SE for three separate determinations.
GSH depletion in hepatocytes which were significantly greater than GSH depletion induced by RR-BBO (Fig. 5) . Similar patterns of stereoselective GSH depletion induced by BBO stereoisomers were evident at epoxide concentrations of 250 and 100 /xM (data not shown). Detectable cellular GSH was completely eliminated following exposure to meso-BBO by 60 min and by 120 min after exposure to SS-BBO. RR-BBO did not completely deplete cellular GSH (Fig. 5) . ED stereoisomers did not deplete cellular GSH as rapidly as BMO or BBO metabolites or as completely since detectable GSH levels always persisted following hepatocyte exposures to ED at concentrations of 100 /xM to 1 mM (data not shown). SR-and SS-ED induced GSH depletion which was significantly different from control and RR-ED after 30 min of incubation (Fig.  6 ). In agreement with their inability to undergo enzyme-mediated GSH conjugation in rat liver cytosol (Fig. 3) , RS-and RR-ED-induced depletion of cellular GSH was not significantly different from control (Fig. 6) .
Previous work measuring overt cytotoxicity of BD epoxides in hepatocytes as indicated by trypan blue dye exclusion showed that BBO stereoisomers were the most toxic epoxide species of BD followed by the monoxide metabolites . The meso-BBO form was the most potent followed by SS-BBO and RR-BBO while R-BMO was shown to be more potent than S-BMO. Under identical conditions ED stereoisomers were determined to be nontoxic to isolated rat hepatocytes at 1 mM (data not shown). Mirroring the order of cytotoxicity, BBO stereoisomers (Fig. 4) were most efficient at depleting GSH in rat hepatocytes followed by the BMO enantiomers (Fig. 5 ) and ED stereoisomers (Fig. 6 ).
DISCUSSION
Biotransformation is required in order for BD to exert toxicity. During the initial oxidation of BD to BMO one stereocenter is formed and the chirality of BMO may then influence all subsequent biotransformation pathways. The importance of stereospecific metabolism of xenobiotics is highlighted by the classic toxicological example of stereoselectivity in the bioactivation and inactivation of the carcinogen benz[a]pyrene (Chang et al., 1987) . Styrene is routinely found in conjunction with BD in the rubber industry and, Like BD, is metabolized by cytochrome P4502E1, epoxide hydrolase, and glutathione-Stransferase. Styrene is oxidized to styrene oxide (R or S), and this oxidation has been shown to preferentially form R-styrene oxide in mice and rabbits while rats preferentially oxidize styrene to S-styrene oxide (Carlson, 1997) . In addition, greater stereospecific toxicity was induced by the R isomer of styrene oxide (Gadberry et al., 1996) . These results are similar to the stereospecific metabolism and toxicity observed with BMO in hepatocytes .
Chemical reactivity of the epoxides from BD with GSH was modest at best. This low activity suggests that elimination of BD-epoxides via conjugation with GSH is primarily enzyme mediated and that chemical conjugation with GSH is unlikely to be the primary route of reactive BD metabolite elimination. The importance of glutathione-S-transferases is illustrated by Fig. 3 , which shows that every epoxide except two ED stereoisomers (RS-and RR-ED) reacted preferentially with GSH in the presence of cytosol. The results obtained using rat liver cytosol were predictive of the cellular GSH depletion induced by each metabolite in rat hepatocytes. Each BD-epoxide which induced a significant depletion of GSH in the rat liver cytosol experiments also induced a significant depletion of cellular GSH in hepatocytes. Two ED stereoisomers (RR and RS) did not induce significant cytosol-mediated GSH depletion and correspondingly failed to significantly deplete GSH in hepatocytes. Although the level of epoxides used for the in vitro experiments were considerably higher than BD-epoxides observed in vivo after occupational exposure to BD, the interaction of these epoxides with GSTs in cytosol and isolated hepatocytes provides useful information regarding the possible metabolic fate of BD epoxides when generated in vivo. Specific GST isozymes from human lymphocytes have been shown to be responsible for the conjugation of specific BD-epoxides. GST mu-1 has been shown to catalyze the conjugation of BMO Norppa et al., 1995) while GST theta-1 has been shown to mediate the elimination of BBO conjugates (Pelin et al., 1996; Kelsey et al., 1995; Norppa et al, 1995; Wiencke et al., 1995) . Stereospecific interactions of the monoxide and the bisoxide with specific GST isozymes need to be examined in order to determine enzyme kinetic parameters for use in existing PBPK models for BD biotransformation.
R-BMO and meso-BBO were previously shown to be the most toxic of the BD-epoxides and this cytotoxicity was observed only after nearly complete loss of cellular GSH . ED stereoisomers did not completely deplete cellular GSH in rat hepatocytes and in contrast to BMO enantiomers and BBO stereoisomers were not cytotoxic at equivalent concentrations. Even in the absence of measurable cytotoxicity in freshly isolated rat hepatocytes, stereospecific effects on depletion of cellular GSH were observed for each class of BD metabolites. R-BMO depleted cellular GSH more efficiently than S-BMO while the SS-and meso-forms of the bisoxide metabolite resulted in very similar depletion profiles. However, a difference that potentially contributed to the increased cytotoxicity observed with R-BMO and meso-BBO could lie in the more rapid depletion of GSH to nondetectable levels than that observed following exposure to S-BMO or SS-BBO. Additionally, RR-BBO was consistently the least toxic bisoxide metabolite in hepatocytes and did not completely deplete cellular GSH at any point following exposure.
RR-and SS-BBO exhibited more chemical-and enzymemediated reactivity than meso-BBO in rat liver cytosol while meso-BBO was the most potent at depleting GSH in isolated rat hepatocytes. Hepatocytes contain a number of enzymes capable of biotransforming epoxides such as epoxide hydrolases. The three BBO stereoisomers could interact with epoxide hydrolase with different kinetics and these experiments are currently under way in our laboratory. For example, if the RR or SS configurations of BBO were better substrates for epoxide hydrolase than meso-BBO, this would lead to increased cellular concentrations of meso-BBO and could contribute to the increased cytotoxicity and GSH depletion observed with meso-BBO. In addition the conjugation studies performed in cytosol did not consider GSH conjugation catalyzed by microsomal GST (Morgenstern and DePierre, 1988) .
ED stereoisomers displayed a distinct stereochemical preference in that an "S" configuration at the number 2 carbon of the diol functional group yielded a more efficient conjugation with GSH. Although none of the four potential configurations of ED completely depleted cellular GSH, SS-and SR-ED stereoisomers were the most efficient configurations for depletion of cellular GSH followed by RS-and RR-ED metabolites. This is clearly illustrated in Fig. 6 which showed that SS-and SR-ED compounds depleted GSH levels to a significantly lower level than RR-ED after 30 min. The fourth diastereomer (RS-ED) has an "S" configuration at the number 3 carbon of the epoxide ring, but does not exhibit the same degree of depletion as the other ED metabolites with the "S" configuration at the number 2 carbon in the diol moiety. This trend was also observed with BBO metabolites in that RR was the only BBO configuration which consistently failed to completely deplete cellular GSH over time.
Although not overtly cytotoxic in freshly isolated rat hepatocytes, ED metabolites may still be potentially relevant for BD-induced toxicity. The reactivity of ED metabolites with the terminal valine of hemoglobin has been shown by P6rez et al. (1997) to be nearly equivalent to the hemoglobin reactivity of BBO and was found to be greater than that of BMO. Hemoglobin adducts with various stereochemical configurations of ED have been detected in BD-exposed rats and humans and could serve as potential biomarkers of exposure to BD (P6rez et al., 1997) . ED metabolites were also shown to induce micronuclei formation in rat bone marrow cells (Lahdetie and Brawe", 1997) . In the same assay, BBO induced micronuclei formation but BMO did not. This suggests that the ED metabolites, although not highly reactive with GSH, could still contribute to the overall toxicity induced by exposure to BD through adduct formation with biological macromolecules and induction of micronuclei in bone marrow cells.
In summary, this paper has detailed the stereospecific interactions of nine potential BD-epoxide metabolites with GSH. Both chemical and rat liver cytosol-mediated conjugation reactions were examined as well as the interactions of the BDepoxides with cellular GSH in an intact cellular system of freshly isolated rat hepatocytes. Our data demonstrate that stereochemistry markedly influences the conjugation of BDepoxides with GSH and that stereochemical interactions of xenobiotics in chiral biological environments are of toxicological relevance.
